A key event in the evolution of eukaryotic cells was the engulfment of an aerobic bacterium by a larger anaerobic archaebacterium, leading to a close relationship between the host and the newly formed endosymbiont. Mitochondria, originating from this event, have evolved to be the main place of cellular ATP production. Maintaining elements of their independence, mitochondria undergo growth and division in the cell, thereby ensuring that new daughter cells inherit a mitochondrial complement. Mitochondrial division is also important for other processes, including quality control, mitochondrial (mt)DNA inheritance, transport and cell death. However, unlike bacterial fission, which uses a dynamin-related protein to constrict the membrane at its inner face, mitochondria use dynamin and dynamin-related proteins to constrict the outer membrane from the cytosolic face. In this Review, we summarize the role of proteins from the dynamin superfamily in mitochondrial division. This includes recent findings highlighting that dynamin-2 (Dnm2) is involved in mitochondrial scission, which led to the reappraisal of the role of dynamin-related protein 1 (Drp1; also known as Dnm1l) and its outer membrane adaptors as components of the mitochondrial constriction machinery along with ER components and actin.
Introduction
It has been well documented that the mitochondrial network in cells undergoes both fission and fusion events (Friedman and Nunnari, 2014; Lackner, 2014; Richter et al., 2015) . Fusion is important to mix mitochondrial contents to maintain a homogeneous population of organelles, but what of fission? A logical reasoning is that fission is required to ensure that a population of organelles is available for segregation and inheritance by daughter cells during mitosis. Evidence for this is available through the knockout of the fission mediator dynamin-related protein 1 (Drp1; also known as Dnm1L), which leads to entirely connected organelles, sometimes causing cells to display cytokinesis defects (Ishihara et al., 2009) . However, cells that are blocked in mitochondrial fission and contain a highly fused network can still grow and divide in culture, so fission is not essential for cell viability. Furthermore, not all cells divide (e.g. neurons) and yet their mitochondria still undergo fission, pointing to additional functional roles. An alternative role for fission is to produce smaller organelles that are simply more easy to transport along cytoskeletal tracks in cells -for example in neurons with long and thin axonal processes. Indeed, mice lacking mitochondrial fission specifically in neurons die shortly after birth (Ishihara et al., 2009 ). An additional role for fission is in quality control to maintain a healthy population of organelles. It was found that mitochondrial division under normal cell growth conditions can result in the generation of daughter mitochondria with unequal fitness, and this may allow for selective mitophagy of the more defective organelle to occur (Twig et al., 2008) . Smaller mitochondria, which are generated through fission, also allow for more efficient engulfment by the autophagosomal machinery, while interconnected mitochondria are protected (Gomes et al., 2011; Rambold et al., 2011) . Defects in fission can also lead to increased oxidative damage and neuronal cell death (Kageyama et al., 2012) . In addition to these roles, mitochondrial fission often occurs after apoptotic induction to facilitate the release of cytochrome c. While mitochondrial fission is not essential for apoptosis, blocking fission leads to a delay in cytochrome c release from mitochondria, even when the pro-apoptotic proteins Bax and Bak (also known as Bak1) have been activated (Martinou and Youle, 2011; Otera et al., 2016) . It is thought that mitochondrial fission somehow aids in the remodelling and opening of cristae tubules that sequester the bulk of cytochrome c (Pernas and Scorrano, 2016) . More recently, mitochondrial fission has been shown to be linked to the replication and transfer of mitochondrial (mt)DNA between organelles . In particular, it was found that mtDNA, which localizes close to the inner face of the mitochondrial inner membrane, is often present at mitochondrial constriction sites where the fission machinery is assembled. Moreover, new copies of mtDNA are made at sites that are destined for fission so that daughter mitochondria can inherit their own complement of mtDNA .
Mitochondrial dynamics is also linked to the metabolic state of the cell (Buck et al., 2016; Mishra and Chan, 2016; Roy et al., 2015) . Mitochondria with higher respiration rates have been reported to be more elongated, whereas non-respiring mitochondria become fragmented through fission (Plecita-Hlavata et al., 2008) . Finally, one might expect that a tangled network of mitochondria may not be entirely conducive to proper cellular function. By reducing mitochondrial size through fission, this may help to provide order to the cell. Indeed, contacts made between the endoplasmic reticulum (ER) tubules and mitochondria facilitate fission (Prudent and McBride, 2017) , and this may help to prevent entanglement between these two membranous organelles. In this Review, we discuss the function of dynamin superfamily members as drivers of mitochondrial fission. With the recent discovery that dynamin-2 (Dnm2) has a role in the division of mitochondria, an updated model of fission is presented and core cellular components aiding the process are discussed.
only occur if the energetic state of fission is more favourable than that of not undergoing fission (Antonny et al., 2016; Mattila et al., 2015; Merrifield et al., 2005; Sundborger et al., 2014) . Consequently, fission is aided by membrane constriction machineries that reduce the energy barrier between those two states, leading to enhanced probabilities of membrane fission (Morlot et al., 2012) . Dynamin GTPases are involved in polymerizing around and constricting a variety of membranes to drive fission (Fig. 1A) . One of the core proteins well known to be involved in mitochondrial fission is Drp1 (Dnm1 in yeast) (Smirnova et al., 2001 ). This ∼80 kDa GTPase is predominantly cytosolic and is recruited to the mitochondrial outer membrane to drive fission (Smirnova et al., 2001) . Drp1 is also essential for peroxisomal fission, and loss of Drp1 results in highly elongated mitochondria and peroxisomes (Ishihara et al., 2009; Koch et al., 2003; Wakabayashi et al., 2009 ). Drp1 shows structural similarity to dynamin proteins (Fig. 1B) , but there are critical differences that affect its membrane assembly and constriction potential (Fröhlich et al., 2013) . Like dynamins, Drp1 monomers oligomerize and form contractile rings (Fröhlich et al., 2013; Ingerman et al., 2005; Korobova et al., 2013; Mears et al., 2011) . Following GTP hydrolysis, conformational changes in Drp1 helices cause a twofold decrease in ring diameter (Koirala et al., 2013; Mears et al., 2011) , which facilitates membrane constriction. The dynamin spirals assemble around a membrane and nucleate from one starting point, forming a one-start helix (Zhang and Hinshaw, 2001 ). In contrast, Drp1 spirals nucleate around the membrane from two adjacent starting points and hence form a two-start helix (Fröhlich et al., 2013) . Assembly is mediated through the central stalk interface in an X-shaped fashion (Fig. 1C) (Ford et al., 2011; Fröhlich et al., 2013) .
In contrast to classical dynamins, Drp1 does not contain a phospholipid-binding pleckstrin homology (PH) domain, raising the question of how the protein is recruited to and assembled at membranes. Currently, a number of different mitochondrial receptors and/or adaptors for Drp1 have been characterized. In yeast, Fis1 acts as a mitochondrial outer membrane adaptor for the yeast-specific peripheral membrane receptors Mdv1 and Caf4, which then recruit and assemble with Dnm1 (Lackner et al., 2009 ). In metazoans, there are no homologs for Mdv1 or Caf4, and it has now been established that Fis1 is not required for fission (Osellame et al., 2016; Otera et al., 2010) . Instead, mitochondrial fission factor (Mff ) along with mitochondrial dynamics proteins of 49 and 51 kDa (MiD49 and MiD51; encoded by MIEF2 and MIEF1, respectively), which are anchored in the outer mitochondrial membrane, bind to and orchestrate the assembly of the contractile Drp1 rings at constriction sites (Gandre-Babbe and van der Bliek, 2008; Losón et al., 2013; Otera et al., 2010; Palmer et al., 2013 Palmer et al., , 2011 ). Mff appears to be the primary adaptor protein as it is present in all metazoans and is involved in the recruitment of Drp1 to both mitochondrial and peroxisomal membranes (Gandre-Babbe and van der Bliek, 2008; Losón et al., 2013; Otera et al., 2010) . Accordingly, knockout cell lines of Mff show highly elongated mitochondria and peroxisomes (Chen et al., 2015; Losón et al., 2013; Osellame et al., 2016; Otera et al., 2010) . MiD49 and MiD51 are chordatespecific mitochondrial outer membrane proteins (Palmer et al., 2011) . They have inactive nucleotidyltransferase folds and can recruit Drp1 to mitochondrial fission sites independently of Mff (Losón et al., 2014 (Losón et al., , 2015 (Losón et al., , 2013 Osellame et al., 2016; Otera et al., 2016; Richter et al., 2014) . In the absence of Drp1, MiD49 and MiD51 become diffusely located on the mitochondrial outer membrane, whereas, in contrast, Mff remains in foci associated with constriction sites (Friedman et al., 2011; Otera et al., 2010; Richter et al., 2014) . Although Mff and MiD49 and/or MiD51 can act independently in recruiting Drp1 to mitochondria for fission, they appear to differentially modulate Drp1 function. Mff bound to liposomes can stimulate the GTPase activity of Drp1, whereas, in contrast, MiD51 inhibits this activity (Macdonald et al., 2015; Osellame et al., 2016) . Furthermore, Drp1-mediated fission through MiD49 and/or MiD51, but not Mff, is required for cristae opening and cytochrome c release following apoptotic induction, indicating that distinct fission mechanisms may exist (Otera et al., 2016) . MiD49 and MiD51 may have a similar function to the yeast Mdv1 adaptor, as they all can assemble with Drp1/Dnm1 spirals, potentially facilitating membrane constriction (Lackner et al., 2009; Naylor et al., 2006) . Indeed, in vitro measurements of lipid tubules has shown that MiD49 increases the ability of Drp1 to constrict the tubules, giving rise to MiD49-Drp1 rings of ∼15 nm in diameter (Koirala et al., 2013) . Nevertheless, Mff and MiD51 have been found together in proximity with Drp1 in cells (Osellame et al., 2016) .
Dnm2 in mitochondrial fission
During division, the adaptors remain with the assembled Drp1-mediated constriction rings, and after division, a population of Drp1 together with the adaptors (at least MiD49 and MiD51, and Mdv1) is found on each organelle (Lackner et al., 2009; Legesse-Miller et al., 2003; Naylor et al., 2006; Richter et al., 2014) . The physical separation of two populations of assembled Drp1 polymers suggests that membrane scission occurs towards the centre of the constriction site. While it had been assumed that the final membrane scission events were achieved by Drp1-induced constriction forces, Voeltz and colleagues have now demonstrated that a member of the conventional dynamin family, Dnm2, is responsible for these processes . Knockdown of Dnm2 led to elongated mitochondria with the occasional presence of a long, highly constricted tubule between two populations of preassembled Drp1 polymers. In contrast to Drp1, which can be found on most constricted mitochondrial sites, Dnm2 only localizes transiently to facilitate membrane scission. Moreover, fluorescently labelled Dnm2 and Drp1 are differentially segregated to daughter organelles -Drp1 remains present on both daughter mitochondria following scission, whereas Dnm2 appears only on one of the two . This study thus sheds new light into the cooperative nature of the dynamin superfamily and the ability of dynamins to coordinate membrane scission in a sequential manner. These results also explain some of the earlier in vitro studies assessing Drp1 constriction, which described that Drp1 can readily tubulate liposomes, but not sever them (Yoon et al., 2001) . Of note, it has been shown that dynamin-1, which is closely related to Dnm2, has the ability to drive fission of liposomes in vitro (Sweitzer and Hinshaw, 1998) .
This new finding for the role of Dnm2 in mitochondrial dynamics also has implications for disease pathogenesis (Durieux et al., 2010) . Mutations in Dnm2 cause Charcot-Marie-Tooth neuropathy (Züchner et al., 2005) , as well as centronuclear myopathy (Bitoun et al., 2005) . Charcot-Marie-Tooth neuropathy is also observed in patients with mutations in mitofusin 2 (Mfn2) and the poorly characterized ganglioside-induced differentiation-associated protein 1 (GDAP1), which both promote mitochondrial dynamics (Pareyson et al., 2013) . Mutations in Drp1 also lead to severe neurological disorders, including encephalopathy and refractory epilepsy (Vanstone et al., 2016; Waterham et al., 2007; Yoon et al., 2016) . Recently, a patient with mutations in Dnm2 who presented with centronuclear myopathy and cardiomyopathy was found to also have multiple mtDNA deletions, consistent with the involvement of Dnm2 in mitochondrial function (Gal et al., 2015) .
A reappraisal of mitochondrial fission is that Drp1 and its adaptors are part of a 'mitochondrial constrictase machinery', whereas Dnm2 is a scission mediator (Fig. 2) . This raises the question of how then is Dnm2 recruited to the constricted mitochondrial membrane? Endophilins have been described to cooperate with dynamins in the endocytic pathway (Farsad et al., 2001; Ringstad et al., 1997; Rostovtseva et al., 2009; Sundborger et al., 2011) and to be able to co-oligomerize with dynamin on lipid tubules (Farsad et al., 2001; Sundborger et al., 2011) . Endophilin B1 (also called Bif-1 and SH3GLB1) can be found on the mitochondrial outer membrane and has been shown to be involved in the maintenance of mitochondrial morphology (Karbowski et al., 2004) . Following depletion of endophilin B1, the dynamics of the outer mitochondrial membrane is impaired, with the dissociation of the mitochondrial outer membrane from the matrix and the formation of tubules emanating from mitochondria (Karbowski et al., 2004) . Given the dual role of Dnm2 in both endocytosis and mitochondrial fission and the importance of endophilin proteins in both processes, it is plausible that endophilin B1 could act as a Dnm2 adaptor for mitochondrial fission.
Role of the ER machinery in driving mitochondrial constriction
Mitochondrial tubules have varying diameters, and in human cells, they are often ∼300 nm. Therefore, the polymeric rings assembled by neither Dnm2 nor Drp1 are sufficiently large in diameter to be able to wrap around non-constricted mitochondria. To achieve mitochondrial fission, a 'pre-Drp1 constriction step' is necessary, which reduces the diameter to ∼150 nm (Friedman et al., 2011) . In this process, multiple proteins and cellular structures coordinate preconstriction of the mitochondrial outer membrane (Fig. 2) . By performing electron microscopy (EM) tomography and live-cell imaging, Voeltz and co-workers have shown that the ER wraps around mitochondria to facilitate constriction of the underlying tubule (Friedman et al., 2011) . These pre-constrictions mark potential sites for mitochondrial fission. This step is independent of and upstream from the assembly of Drp1 and mitochondrial fission adaptors, as pre-constriction can be observed in cell lines in which Drp1, Mff, MiD49 and MiD51 have been knocked down or knocked out (Friedman et al., 2011; Osellame et al., 2016) . Further investigation by other groups has led to the identification of an ERassociated machinery that engages in mitochondrial constriction through the concerted action of actin and myosin (Hatch et al., 2014; Phillips and Voeltz, 2016) . The ER-associated form of inverted formin 2 (INF2) has been shown to be important for mitochondrial fission (Korobova et al., 2013) in that it serves as a nucleation centre for actin polymerization (Li et al., 2015) . In addition, a particular isoform of Spire1, Spire1C, acts a mitochondria-localized actin nucleator and binds to INF2 to promote actin polymerization (Manor et al., 2015) . It was proposed that Spire1C interacts with INF2 to give rise to polymerizing actin fibres, which elongate to exert pressure on the mitochondrial outer membrane, resulting in mitochondrial constriction (Manor et al., 2015) . However, this raises the question of where the energy for pre-constriction comes from. Higgs and colleagues have also demonstrated the additional involvement of myosin IIA and IIB in constriction of the mitochondrial tubule and recruitment of Drp1 (Korobova et al., 2014) . Therefore, contraction of myosin II fibres could pull the tethered membranes together, thus delivering the forces that are necessary for mitochondrial pre-constriction.
Other roles for actin in mitochondrial fission
While the recent data discussed above implicate actomyosinmediated forces in ER-derived mitochondrial constriction, actin appears to play important roles in other aspects of mitochondrial fission. For example, it has been previously demonstrated that disruption of F-actin reduces global mitochondrial fission by impairing the recruitment of Drp1 to mitochondria (De Vos et al., 2005) . In Drosophila egg extracts, actin can be pulled down with Drp1 (DuBoff et al., 2012), and actin can directly stimulate the GTP hydrolysis rate of Drp1 (Hatch et al., 2016; Ji et al., 2015) . While most studies have focused on the link between actin and Drp1, it is also well established that Dnm2 influences actin dynamics at the plasma membrane (Gu et al., 2010; Schafer, 2004) . Future investigations into the Dnm2 function in mitochondrial fission may also uncover important links with actin.
Besides their direct engagement at the fission site, actin filaments have also been found to transiently cover mitochondria and influence fission events. F-actin has been found to accumulate on mitochondria in cells lacking Drp1 and to transiently accumulate on dividing mitochondria (Li et al., 2015) . More recently, it was reported that F-actin can transiently 'swarm' through different areas of the cell, and, when it covers mitochondrial subpopulations, Drp1-dependent mitochondrial fission ensues (Moore et al., 2016) . Actin also appears to form a cage around newly divided mitochondria, which may provide a recovery step following fission, for example, by preventing premature fusion, trafficking or mitophagy of the new organelle (Moore et al., 2016) . The multiple and varied roles proposed for actin and other cytoskeletal proteins in mitochondrial fission will surely be clarified through additional mechanistic studies.
Additional layers of complexity -lipids and mitochondrial fission
The connection between mitochondrial fission and the lipid environment was first uncovered by in vitro studies showing that liposomes with a lipid composition resembling the outer mitochondrial membrane could stimulate Dnm1 self-assembly (Lackner et al., 2009) . Cardiolipin is a negatively charged phospholipid, exclusively found in mitochondria, where it comprises 14 to 23% of lipids in the inner mitochondrial membrane and a small fraction of lipids in the outer mitochondrial membrane (Daum, 1985) . In vitro experiments showed that Drp1 can directly interact with cardiolipin-enriched 
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Actin Adaptor (Mff, MiD49 or MiD51) Key Fig. 2 . Model for mitochondrial fission in animal cells.
Step 1, the 'preDrp1' constriction of mitochondria by the ER constriction machinery takes place, with potential cross-talk between replicating mitochondrial nucleoids. The enlarged view depicts ER-localized INF2 initiating the nucleation of actin filaments, which may associate with mitochondria through Spire1C. Growing actin filaments, together with myosin II, exert pressure on the mitochondrial outer membrane.
Step 2, the future fission site is marked for further constriction. This involves binding of the mitochondrial fission adaptor Mff at the neck, which facilitates the recruitment of Drp1. MiD49 and/or MiD51 may also be recruited at this time. Localized changes in lipid composition (e.g. increased cardiolipin) may also facilitate Drp1 assembly. Following adaptor assembly, Drp1 dimers are recruited to the fission site. Different oligomeric forms of Drp1 may be recruited to the mitochondrial surface, including some by actin filaments. Adaptors such as MiD49 and MiD51 may enhance the assembly of the Drp1 contractile ring at the membrane neck.
Step 3, GTP hydrolysis fuels the conformational changes, thereby mediating Drp1 constriction, which may enable inner membrane scission to take place.
Step 4, following this, Dnm2 is recruited to the constricted mitochondrial neck. Here, additional Dnm2 adaptor proteins might be involved.
Step 5, upon GTP hydrolysis, further constriction occurs to complete fission, before the fission machinery is disassembled.
membrane vesicles via its B-insert, resulting in the stimulation of its GTPase activity (Bustillo-Zabalbeitia et al., 2014; Macdonald et al., 2014) . Since knockout of the adaptors Mff, MiD49 and MiD51 lead to decreased Drp1 levels at mitochondria and fission defects, cardiolipin does not appear to be sufficient for the recruitment of Drp1 onto mitochondria, but rather is likely to have regulatory functions. Indeed, recent research showed that the stimulatory effects of Mff on the different Drp1 isoforms is influenced by cardiolipin levels (Macdonald et al., 2015) . Finally, it was recently shown that the conversion of cardiolipin into phosphatidic acid by the mitochondrial phospholipase D (mitoPLD; also known as PLD6) has inhibitory effects on Drp1-mediated fission (Adachi et al., 2016) . Increased levels of saturated lipids, such as phosphatidic acid, suppress the GTPase activity of Drp1 at mitochondria and may lead to reduced fission (Adachi et al., 2016) . Interestingly, increased phosphatidic acid has also been shown to stimulate mitochondrial fusion (Choi et al., 2006) . These results point to a common mechanism by which the opposing processes of fission and fusion can be regulated.
Fission of a double-membraned organelle -the involvement of other players?
At the point where dynamin-mediated constriction induces contacts between two phospholipid bilayers, the inner phospholipid leaflet of the membrane becomes destabilized, while the outer leaflet remains intact. At this stage, it has been proposed that a metastable hemifission intermediate forms where opposing inner leaflets of the membrane fuse (Mattila et al., 2015) . The fusion of the leaflets before complete division will prevent any leakage of contents from the lumen. Mitochondria bring additional complexity to the general process of membrane fission, as the inner membrane needs to divide before the outer membrane. As constriction of mitochondria occurs from the cytosolic side, the outer membrane will push non-divided inner membranes closer together (Fig. 2) . The distance necessary for spontaneous membrane fission between juxtaposed leaflets of a lipid bilayer is ∼1 nm (Bashkirov et al., 2008) . However, membranes have a diameter of ∼4 nm, suggesting that the mitochondrion would need to constrict to an external diameter of ∼20 nm, before the inner membrane could divide. During such a constriction, the outer membrane would also make contacts with the inner membrane, which may be conducive to undesirable hemi-fission occurring between the two membranes. Therefore, mechanisms must be in place to prevent the joining of the inner and outer membranes during the process, as otherwise matrix contents would spill out into the cytosol. The very nature of mitochondrial organization shows that mitochondria have closely juxtaposed inner and outer membranes, yet these membranes do not mix, indicating that intrinsic forces somehow prevent this. The lipid asymmetry between the outer and inner membranes, such as the higher cardiolipin content in the inner membrane, is likely to be an important factor. The possibility also exists that additional proteins are involved in coordinating inner membrane fission. Opa1 is a dynamin-related GTPase of the inner membrane that has been implicated as having roles in both mitochondrial fission and fusion (Pernas and Scorrano, 2016) . Recently, it was shown that the short processed isoform of inner-membrane associated Opa1 (S-Opa1) promotes mitochondrial fission (Anand et al., 2014) . Interestingly, S-Opa1 was found at mitochondrial constriction sites along with MiD49, Drp1 and the ER, thus suggesting that there is a level of communication between the inner and outer membrane division machineries (Anand et al., 2014) . A possible link may be via MiD51, as it was shown that the transmembrane anchor of MiD51 is required for correct positioning of the fission apparatus with the Opa1-mediated cristae remodelling machinery during apoptosis (Otera et al., 2016) .
A further element of fission regulation extends into the mitochondrial matrix. It has recently been found that new mtDNA nucleoids generated by the mitochondrial DNA polymerase subunit γ2 (POLG2) are preferentially associated at sites where mitochondrial division takes place . Moreover, these newly synthesized mtDNA nucleoids were found at mitochondrial constriction sites that also involve the ER . This suggests the presence of a signalling network of proteins involved in communicating the replication of mtDNA nucleoids in the matrix to the mitochondrial fission machinery. The key proteins involved in such signalling await identification.
Regulation of the fission machinery
It is well established that posttranslational modifications and protein degradation play an important role in the regulation of mitochondrial fission. Most notably, Drp1 has the potential to undergo significant modification. Several SUMOylation, S-nitrosylation and phosphorylation sites have been identified in Drp1, with these predominantly located in the B-insert (Chang and Blackstone, 2010; Cho et al., 2009; Figueroa-Romero et al., 2009; Fröhlich et al., 2013; Otera et al., 2013; Prudent et al., 2015) . Phosphorylation of Drp1 has been investigated extensively and can have either inhibitory or enhancing effects, depending on the specific residue being modified. Phosphorylation of S616 enhances mitochondrial fission, whereas phosphorylation of S637 by protein kinase A (PKA) inhibits the GTPase hydrolysis activity of Drp1 in vitro, leading to elongation of mitochondria (Chang and Blackstone, 2007; Cribbs and Strack, 2007) . Furthermore, dephosphorylation of S637 by the Ca 2+ -dependent phosphatase calcineurin activates Drp1 recruitment to the outer mitochondrial surface and fission (Cereghetti et al., 2008; Cribbs and Strack, 2007; Mishra and Chan, 2016) . Thus, metabolic stimuli signalled through Ca 2+ fluctuations are translated into alterations of mitochondrial morphology.
Given its extensive modifications, it might be expected that fission would be solely under the regulatory control of Drp1. However, there is evidence that the regulation of fission is also mediated by the Drp1 adaptors. Recently, Mff has been found to serve as a linker between energy stress and mitochondrial morphology. A screen for substrates of the energy-sensing AMP protein kinase (AMPK) revealed the phosphorylation of Mff, leading to its subsequent activation and enhanced mitochondrial fission (Toyama et al., 2016) . In separate structural studies, MiD51 was found to have an inactive nucleotidyltransferase fold, yet still has the capacity to bind both to GDP and ADP (Losón et al., 2014; Richter et al., 2014) . The physiological relevance of this is unclear, with one study showing that Drp1 recruitment to mitochondria was blocked in the absence of ADP (Losón et al., 2014) , whereas another study found that expression of MiD51 mutants lacking nucleotide binding could still recruit Drp1 to mitochondria to promote fission (Richter et al., 2014) . The structure of MiD49 indicates that it lacks the ability for nucleotide binding altogether (Losón et al., 2015) . However, MiD49 levels are influenced by the E3 ubiquitin ligase MARCH5, which in turn is regulated by Mff and Drp1 (Cherok et al., 2017; Xu et al., 2016) . The involvement of multiple signalling platforms for fission may be explained by the diverse roles for mitochondrial fission in cellular biology and variations in tissue-specific expression and activity of fission members (Macdonald et al., 2015) .
Conclusion
In the past decade, the number of components involved in mitochondrial fission has rapidly expanded. This includes new adaptor proteins, the involvement of an ER-associated machinery, F-actin associations and, importantly, a new mediator of membrane scission, Dnm2. Currently, the mechanisms by which Dnm2 is recruited to fission sites is unknown. Because Dnm2 is also crucial for endocytic events at the plasma membrane, this raises the question of whether it is recruited from the plasma membrane by the cytoskeleton, or whether there are distinct Dnm2 pools for functions at either the periphery or in the cell lumen. The role of Dnm2 in mitochondrial fission also further begs the question as to whether Dnm2 also performs peroxisomal division together with Drp1. In humans, three classical dynamin proteins exist: Dnm2 is ubiquitously expressed, whereas dynamin-1 and dynamin-3 are mainly expressed in neurons (Ferguson et al., 2007) . It will therefore be interesting to determine whether dynamin-1 and dynamin-3 also exert functions in mitochondrial fission in a tissue-specific manner. A potential role for the yeast dynamin Vps1 in mitochondrial fission has yet to be established (Smaczynska-de et al., 2010) .
Exciting new findings show that mitochondrial fission has a role in the inheritance of mtDNA . The mechanisms underlying the spatiotemporal synchronization of mtDNA replication in the matrix with the pre-Drp1 constriction apparatus involving the ER is currently unknown but is likely to be a major focus of future research endeavours.
Finally, additional studies aimed at elucidating the role of actin in fission are required. As mentioned above, actin has been found to be involved in multiple events of the fission cycle including in ER constriction and Drp1 recruitment, as well as after scission. Given the well-known associations between dynamins and actin, such an association may also provide torsional stresses to assist with the actual Dnm2-mediated scission step. Further investigations using biochemical and new imaging approaches will give new insights, helping us to understand the mechanism and regulation of dynamics of the cellular powerhouse.
